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Abstract Nine square concrete columns including 6 CFRP/ECCs and 3 concrete columns are
prepared, which have cross-section of 200 mm×200 mm and height of 600 mm. The CFRP tubes
with ﬁbers oriented at hoop direction were manufactured to have 3 or 5 layers of CFRP with 10 mm,
20 mm, or 40 mm rounding corner radii at vertical edges. A 100 mm overlap in the direction of
ﬁbers was provided to ensure proper bond. Uniaxial compression tests were conducted to investigate
the compressive behavior. It is evident that the CFRP tube conﬁnement can improve the behavior
of concrete core, in terms of axial compressive strength or axial deformability. Test results show
that the stress-strain behavior of CFRP/ECCs vary with diﬀerent conﬁnement parameters, such as
the number of conﬁnement layers and the rounding corner radius. c© 2011 The Chinese Society of
Theoretical and Applied Mechanics. [doi:10.1063/2.1102106]
Keywords concrete column, encasement, conﬁnement, compressive behavior
Even if well designed, constructed, and maintained,
the service life of concrete structure, which usually lasts
50 years or more, is often shorter than planed. This is
mostly attributed to durability problems, such as steel
corrosion of reinforced concrete (RC) elements, which
may occur in an aggressive environment. Also, this
may arise from a change in the use and function of the
structure, originally not intended. In this regard, ﬁber
reinforced polymers (FRPs) have been frequently used
in repair, retroﬁtting, and strengthening of RC struc-
tures due to their high strength-to-weight ratio, fatigue
resistance, corrosion resistance, ease of application, and
design ﬂexibility. It has been reported that retroﬁtting
existing reinforced concrete structures with FRP con-
ﬁnement can substantially enhance the structural com-
pressive strength and axial strain.1 In addition to load
capacity and stability improvement, FRP conﬁnement
can also enhance the ductility and energy absorption
capacity of the concrete structures subjected to seismic
loading without signiﬁcant stiﬀness degradation during
severe earthquake.2–4 Recently, attention has been paid
to new construction using FRPs directly. The main
aim in this composite structures are to replace the RC
columns by laminated FRP shells, or exoskeletons, in
order to achieve superior strength, ductility, and dura-
bility that are essential for concrete columns and RC
columns subjected to static and dynamic loads or un-
der severe environment conditions.
In early 1980s, the concept of FRP/ECC was pro-
posed by Fardis and Khalili,5 who analyzed the behav-
ior of a circular FRP/ECC. They have demonstrated an
increase in the compressive strength and maximum mo-
ment, and a reduction in structural weight. They have
also shown that a FRP tube directly serving as form-
work reduces the cost, increases the speed of construc-
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tion, and improves the durability and watertightness.
In recent years, a number of researches have been con-
ducted on FRP/ECCs. A new FRP tube system was
proposed by Seible et al.3 and Mirmiran.6 Mirmiran and
Shahawy7 analyzed the stress-strain behavior of such
constructions using Mander’s conﬁnement model.1 The
conﬁnement eﬀect and the ﬂexural behavior were also
modeled by Fam and Rizkalla.8,9 Chaallal, Shahawy10
and Fam et al.11 studied structural behavior under both
axial and bending loads. Owing to the lateral con-
ﬁnement, the concrete core is transformed to triaxial
compressive condition, leading to considerable increase
in compressive strength and ductility. In this study, 9
square concrete columns including 6 CFRP/ECCs and
3 concrete columns are tested. Uniaxial compressive
tests are conducted to investigate the axial strength,
stress-strain response and ductility.
All CFRP/ECCs and control specimens are made
from a single batch of concrete ordered from local sup-
plier with 25 MPa target strength at 28-day and slump
150 mm. The unidirectional carbon ﬁber sheets with
non-structural weave in secondary direction is used
for all specimens. The carbon ﬁber sheets (MBrace
CF 120), epoxy resin binder (MBrace saturant) and
thixotropic epoxy adhesive (MBrace laminate adhesive)
are imported from BASF.
In this experimental program, 6 CFRP/ECCs and 3
control specimens are manufactured as shown in Table
1, with 200 mm×200 mm nominal cross-section and 600
mm uniform height. Manually wet-lay-up technique is
used to prepare the CFRP tube with diﬀerent rounding
corner radii (10 mm, 20 mm and 40 mm) at vertical
edges. The tubes are manufactured to have 3 or 5 plies
of CFRP. To ensure proper bond, a 100 mm overlap
is provided in the direction of ﬁbers, the epoxy resin
is applied thoroughly onto the surface of each CFRP
sheets after the layer is wrapped, the drying duration
of epoxy resin is approximately 5 minutes before the
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application of next layer of CFRP sheets.
The deformations in both axial and transverse di-
rections are measured using unidirectional strain gauges
aligned circumferentially and vertically at the middle of
the specimens. In order to attach strain gauges on the
specimens, the speciﬁc surface of the unconﬁned and
CFRP-conﬁned specimens are cleaned and smoothed
with acetone and sand papers, respectively. Premature
rupturing of axial strain gauges may happen due to local
buckling of the CFRP tubes. To remedy the likely pre-
mature rupturing of axial strain gauges and to enable
data record at the ultimate state, 8 LVDTs are used to
measure the average axial deﬂection and to detect pos-
sible eccentricity. 4 LVDTs are mounted on the middle
portion of the specimen, aligned parallel to the longi-
tudinal axis, which covers the mid-height of 200 mm.
Another 4 LVDTs are attached at the top and bottom
load transferring steel plates to measure full height de-
ﬂection of the specimens.
Uniaxial compression tests were performed after 28
days of curing. All CFRP/ECCs and control specimens
are tested using a hydraulic universal material testing
machine with an axial compression capacity of 5 000
kN. The applied force is measured using a 2 500 kN
pressure transducer, and the data including the applied
axial compression, and the axial and transverse defor-
mation of the specimens are monitored using an au-
tomatic acquisition system. All specimens are uniaxi-
ally compressed to about 40 % the target ultimate load,
and unloaded to guarantee close contact between each
component and reduce errors in displacement measure-
ment. Then the specimen is reloaded until failure under
monotonically increasing uniaxial compression at about
3 kN/s.
All concrete control specimens are axially loaded in
uniaxial compression until concrete crush. For all con-
trol specimens, the average peak stress is 26.6 MPa, the
measured average axial strain at peak concrete stress is
about 0.002 2. It should be noted that the axial defor-
mation of the control specimens is averaged based on
the assumption that the loading is perfectly concentric
and the specimens are axisymmetric.
All CFRP/ECCs experienced typical failure modes,
where the tube ruptured at or near the corner. Once the
tube conﬁnement fail, the concrete core is no longer able
to withstand the axial load. The rupture of CFRP tube
hence triggered the failure mechanism, which resulted
in catastrophic failure of the specimens. Although, the
stress-strain behavior of CFRP/ECCs indicates an in-
crease in ductility, the failure of these specimens occur
catastrophically without much apparent warning.
The typical axial stress-axial strain response of each
CFRP/ECCs is shown in Fig. 1. As per curve, the
stress-strain behavior of CFRP/ECCs is bilinear, simi-
lar to the observation of earlier researchers. The curves
consist of two distinct branches: an ascending branch
before the concrete peak stress is reached, and a second
branch that terminate when the tube ruptures.
Test results show that the stress-strain behavior of
Fig. 1. Stress-strain curves of CFRP-conﬁned specimens
CFRP/ECCs varies with diﬀerent conﬁnement parame-
ters, such as the layers of conﬁnement and corner radius
at vertical edges. Based on the axial stress-strain plots,
the axial stress is increased along the ﬁrst ascending
branch of stress-strain curves until the peak compres-
sive strength of concrete is reached. During the initial
stage of axial loading, the lateral expansion or dilation
of concrete core is not large enough to cause signiﬁcant
strain of CFRP tube in the circumferential direction.
Therefore, the tube conﬁnement is not activated to con-
ﬁne the concrete core. After reaching the peak com-
pressive strength of concrete, the concrete core started
to dilate excessively as the concrete crushed and inter-
nal micro cracks develop. Furthermore, the transition
state of stress-strain curves is observed responding to
the sudden degradation of axial stiﬀness of the concrete
core. The tubes are expanded transversely in tension,
and thus lateral conﬁning pressure is developed, which
transform the concrete into a triaxial compressive stress
condition, leading to a considerable increase in strength
and ductility. This conﬁnement mechanism permits a
further axial deformation of concrete by delaying the
propagation of cracks. The stiﬀness of the concrete core
at this stage is generally stabilized around a constant
rate, and it is dependent on the layers of CFRP. After
the failure of CFRP tube, the concrete core is disinte-
grated, resulting in a sudden drop of axial compressive
strength.
In Figure 2, the corner radii of section are found to
be a very important parameter aﬀecting the ultimate
hoop strain distribution of CFRP tubes. Increase in
corner radius improves the uniformity of conﬁning pres-
sure and increases the conﬁnement eﬀectiveness. Based
on the test results, small-radius corners induce higher
stress concentration around the corner sections, result-
ing in early tube rupture at a relatively small transverse
strain. Therefore, the corner radius of sections has a
signiﬁcant inﬂuence on the conﬁnement eﬀectiveness of
FRP tubes.
Figure 3 shows the transverse strain proﬁles of the
specimens conﬁned with diﬀerent number of CFRP lay-
ers at the axial strain of 0.25 %. At this condition,
the transverse strain proﬁles of these specimens with
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Table 1. Specimens test matrix
Specimen Description Corner radius (mm) No. of CFRP plies
SPC1 Plain concrete — —
SPC2 Plain concrete — —
SPC3 Plain concrete — —
R10L3 Conﬁned 10 3
R20L3 Conﬁned 20 3
R40L3 Conﬁned 40 3
R10L5 Conﬁned 10 5
R20L5 Conﬁned 20 5
R40L5 Conﬁned 40 5
Fig. 2. Stress-strain curves of specimens with diﬀerent cor-
ner radii
diﬀerent layers of conﬁnement show more or less simi-
lar values. It is due to the early stage of conﬁnement
mechanism activation. However, under the same ax-
ial strain condition, the strain proﬁles indicate that the
specimen with 3-ply CFRP produces higher transverse
strains than that of the specimen with 5-ply CFRP in
the tube, and the proﬁles of the latter is more uniform
than the former.
Fig. 3. Transverse strain proﬁles of specimens with diﬀerent
CFRP layers
Design-oriented models have been developed. The
general forms of the proposed FRP-conﬁned concrete
models were based on the conﬁnement models. The
model evaluates the axial strength and strain for FRP-
conﬁned concretes having a strain-hardening stress-
strain relationship. The expression of axial strength
and strain enhancements are given by Eqs. (1) and (2),
respectively
f ′cc = c1f
′
co + k1 (fl − flo) , (1)
εcc
εco








and εco are the axial strength of unconﬁned
concrete and the corresponding axial strain; f ′cc and εcc
are the peak axial stress and the corresponding axial
strain; c1 and c2 are the normalized axial strength and
strain constants; k1 and k2 are the axial strength and
strain enhancement parameters; fl is the lateral pres-
sure generated by FRP conﬁnement at ultimate condi-
tion; flo is the minimum lateral pressure required for
achieving suﬃcient conﬁnement.
Based on the test results and discussion, the fol-
lowing preliminary conclusions are drawn: (1) CFRP
tubes conﬁnement greatly enhances the strength and
ductility of concrete core. (2) The stress-strain curves
of CFRP/ECCs consist of two distinct branches; an
ascending branch before the concrete peak stress is
reached, and a second branch that terminate when the
tube ruptures. It is evident that the non-yielding CFRP
provides an increasing conﬁning pressure throughout
the loading history until hoop rupture of CFRP. (3)
The number of conﬁnement layers and the radius of
rounding corner have considerable eﬀects on the stress-
strain behavior of CFRP/ECCs. Small-radius corners
induce higher stress concentration around the corner
sections, resulting in early tube rupture at a relatively
small transverse strain. The transverse strain proﬁles
from the test indicate that higher level of conﬁnement
produces greater lateral stiﬀness of the CFRP tube, and
induces more uniform transverse strain in the CFRP
tube.
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